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A new palladium-catalyzed epoxide-opening reaction of
�,�-epoxy-�,�-unsaturated esters with boric acid has been de-
veloped, which proceeds stereospecifically giving rise to the cor-
responding �,�-diol derivatives with double inversion of the
configuration, i.e., with retention of configuration, in excellent
yields. The new method provides a useful tool in organic synthe-
sis including natural product synthesis.

The epoxide-opening reaction with nucleophiles is an ex-
tremely important transformation in organic synthesis, particu-
larly, in context with the stereoselective synthesis of functional-
ized chiral compounds such as biologically active natural
products.1 It is well known that the substitution reaction of a
trans-epoxide with a nucleophile generally gives an anti-product
via an SN2 process. When a hydroxide ion is used as a nucleo-
phile, the corresponding anti-diol is stereoselectively formed.
On the contrary, in order to synthesize the corresponding syn-di-
ol from a trans-epoxide in a stereoselective manner, ingenuity to
perform the epoxide-opening reaction with retention of configu-
ration is required. However, in general, such synthetic transfor-
mation is known to be difficult, although a few particular cases
have been reported.2

As our program toward the development of the stereospecif-
ic substitution reactions of epoxides, we recently reported a new
type of palladium-catalyzed stereospecific epoxide-opening re-
action of �,�-epoxy-�,�-unsaturated esters with an alkylboronic
acid which proceeds with double inversion of the configuration,
that is, retention of configuration, to afford cyclic boronates in
good yields.3 Although these cyclic boronates were convertible
into the corresponding �,�-diols by treatment with hydrogen
peroxide in high yields, this method needed not only the use
of expensive butylboronic acid but also two steps for the net con-
version of epoxides into diols. In addition, we encountered con-
siderable decrease in yield in the reactions of cis-epoxy unsatu-
rated esters in contrast with that in the reactions of trans-

epoxides. In order to overcome these synthetic limitations, we
newly designed a palladium-catalyzed epoxide-opening reaction
of �,�-epoxy unsaturated esters with boric acid, B(OH)3, for this
particular conversion (Scheme 1). In this paper, we report the di-
rect and more efficient method for the conversion of �,�-epoxy
unsaturated esters to �,�-vicinal diols with retention of configu-
ration.

Initially, we examined the reaction of trans-4,5-epoxy-2-oc-
tenoate (1a)4 with boric acid in the presence of a palladium cat-
alyst (Pd(PPh3)4) to confirm whether or not the desired reaction
indeed takes place. Thus, when boric acid (1.3 equiv.) and a pal-
ladium catalyst (Pd(PPh3)4, 5mol%) was added to a solution of
1a in THF and the resulting mixture was stirred at room temper-
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Scheme 1. Stereospecific epoxide-opening reaction of �,�-ep-
oxy-�,�-unsaturated esters with B(OH)3 with retention of config-
uration.

Table 1. Stereospecific conversion of �,�-epoxy-�,�-unsaturated
esters to � ,�-vicinal diols with retention of configuration.
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aYields in parentheses are those obtained by the previous procedure.3
bDetermined by 13CNMR; Ratios in parentheses are diastereoselec-
tivity by the previous method. cR = (CH3)2C=CH(CH2)2.

dR =
Ph(CH2)2.
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ature, the epoxide-opening reaction with double inversion of the
configuration did occur giving rise to the desired product 2a-syn.
Notably, the reaction was very fast and completed in 10min at
room temperature, and 2a-syn was obtained in 96% isolated
yield by passing the reaction mixture through a silica gel column
followed by purification.

The excellent preliminary results led us to examine the
scope of the new synthetic reaction with various substrates.
The results are summarized in Table 1.5 The reactions of disub-
stituted trans-�,�-epoxy-�,�-unsaturated esters 1a and 1b pro-
ceeded smoothly to give 2a-syn and 2b-syn in excellent yield,
respectively (Entries 1 and 2). The stereoselectivity of each
product was found to be 98:2 from its 13CNMR spectrum.6 Sim-
ilarly, the corresponding disubstituted cis-congeners also reacted
smoothly to produce the 2a-anti and 2b-anti diols stereospecifi-
cally in 89 and 85% yields, respectively (Entries 3 and 4). Note-
worthy is that the yields of anti-diols derived from cis-epoxides
were much higher than those obtained by the previous method
(Entries 3 and 4). In turn, we examined trisubstituted epoxy un-
saturated esters 4, 6, and 8 prepared from geraniol, nerol, and 2-
methyl-5-phenyl-2-pentenoate, respectively (Entries 5–7).
These substrates also smoothly and cleanly reacted to afford
the corresponding vicinal diols in a highly-stereoselective man-
ner which contain contiguous secondary and tertiary alcohols. It
should be pointed out that the yield of 7 was also improved sub-
stantially by the present method.

To demonstrate the synthetic potential of the present meth-
od, the reactions of 1b with butylboronic acid (BuB(OH)2) and
with B(OH)3 were compared (Scheme 2). Thus, the reaction of
1b with B(OH)3 produced 2b-syn in excellent yield as already
mentioned, whereas the reaction with BuB(OH)2 afforded the
desired cyclic boronate 10 only in moderate yield and unexpect-
ed ketones 11 were formed considerably in the latter reaction.
These results obviously demonstrate that the reaction with
B(OH)3 is much superior to the previous method using
BuB(OH)2.

Remarkable discrepancy in these reactions may be rational-
ized as follows. As shown in Scheme 3, these reactions proceed
via �-allyl palladium species 12 wherein a borate anion (R =
OH) acts as an efficient nucleophile to give a cyclic borate (cy-
clic 2b-syn) smoothly, while a boronate anion (R = Bu) proba-
bly does not act as an effective nucleophile due to its steric and/
or electronic factors and consequently undergoes a �-elimina-
tion reaction concomitantly resulting in the formation of ketones
11. The stability of the cyclic 2b-syn in the reaction is also con-
ceivable.

In summary, we have developed a new palladium-catalyzed
epoxide-opening reaction of �,�-epoxy-�,�-unsaturated esters
with boric acid which gives �,�-diol derivatives with double in-

version of the configuration in excellent yields. The new method
is applicable to various disubstituted cis- and trans-�,�-epoxy
unsaturated esters and directly affords vicinal �,�-diols in a
highly-stereoselective manner. The method is also applicable
to trisubstituted epoxides, wherein the products including vicinal
secondary and tertiary alcohols are obtainable in high yields.
Since it is known that asymmetric dihydroxylation with chiral
osmium reagents can not be applied to disubstituted cis-olefins,7

the present method provides an extremely useful tool in organic
synthesis including natural product synthesis.
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Scheme 2. The reactions of 1b with BuB(OH)2 and with B(OH)3.

1b

RB(OH)2
Pd(PPh3)4

THF, rt

11

12

CO2Et

O

BnO

CO2Et
CO2Et

O B

R

O−

H
Pd(II)

BnO
BnO

R = Bu, OH

O
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Bu(OH)2 and with B(OH)3.
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